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Spatial release from masking based on binaural processing

for up to six maskers
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Spatial Release from Masking (SRM) was measured for identification of a female target word
spoken in the presence of male masker words. Target words from a single loudspeaker located at
midline were presented when two, four, or six masker words were presented either from the
same source as the target or from spatially separated masker sources. All masker words were
presented from loudspeakers located symmetrically around the centered target source in the
front azimuth hemifield. Three masking conditions were employed: speech-in-speech masking
(involving both informational and energetic masking), speech-in-noise masking (involving ener-
getic masking), and filtered speech-in-filtered speech masking (involving informational mask-
ing). Psychophysical results were summarized as three-point psychometric functions relating
proportion of correct word identification to target-to-masker ratio (in decibels) for both the co-
located and spatially separated target and masker sources cases. SRM was then calculated by
comparing the slopes and intercepts of these functions. SRM decreased as the number of sym-
metrically placed masker sources increased from two to six. This decrease was independent of
the type of masking, with almost no SRM measured for six masker sources. These results sug-
gest that when SRM is dependent primarily on binaural processing, SRM is effectively limited

to fewer than six sound sources. © 2017 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4978614]
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I. INTRODUCTION

Since the introduction of the masking level difference
(MLD) by Hirsh (1948) and Licklider (1948) in the same
issue of the Journal of the Acoustical Society of America,
and followed by the exploration of the “cocktail party prob-
lem” by Cherry (1953), many investigators have studied the
detection, discrimination, or recognition of target signals in
the presence of masker sounds that were either all co-located
with the target or spatially separated in one way or the other
from the target. In almost all cases, detection, discrimination,
and recognition performance improves when maskers are
spatially separated from the target as compared to when they
are co-located (see Yost, 1997). This improvement is often
referred to as spatial release from masking (SRM; see
Litovsky, 2012, for a recent overview). SRM in the azimuth
plane is often assumed to be at least partially the result of
two related binaural processes that may or may not occur
together. First, SRM based on binaural processing may result
in the ability to localize the target source at a different loca-
tion from the masker source(s). As a consequence, it might
be easier to attend to one or the other. Second, there might
be binaural analyses (see Green and Yost, 1975), such as an
Equalization-Cancelation (EC) process, (see Durlach, 1963)
that enhance target representations and/or degrade masker
representations. This could result in SRM even if neither
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target nor masker sources can be accurately localized (see
Durlach and Colburn, 1978).

The majority of the SRM literature has involved one tar-
get and one masker. These experiments usually place the
masker source nearer to one ear than the other, with the tar-
get often being presented at the midline, so the target sound
arrives simultaneously and with equal intensity at the two
ears. In these cases the head can “shadow” the masker at one
ear relative to the other. As a result there is a larger target-
to-masker ratio at the “shadowed ear” as compared to the
other ear (sometimes called the “better ear effect””). SRM in
such conditions can be the result of this larger target-to-
masker ratio at the “shadowed ear,” rather than binaural pro-
cesses associated with localization, binaural analysis or,
indeed, other processing. To come closer to isolating the role
of binaural processing in SRM, head shadowing can be
reduced, if not avoided, by presenting masker sources so
they are placed symmetrically to sides of the head in the azi-
muth plane. This ensures that there is unlikely to be an asym-
metry in the amount of masking that may occur at one ear or
the other due to head shadowing. Performance under such
stimulus conditions most likely depends on binaural process-
ing (localization and/or binaural analysis) for detecting, dis-
criminating, or recognizing targets in the presence of
spatially separated maskers."

Binaural processing of interaural time difference (ITD)
and interaural level difference (ILD) is the primary mecha-
nism for sound source localization and binaural analysis in
the front azimuth plane (e.g., see Blauert, 1997). It has been
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shown that other spatial cues, such as those associated with
the head-related transfer function (HRTF), are not normally
used for sound source localization in the front azimuth plane
(see Shub et al., 2008b). As such, binaural processing, under
conditions of a centrally located target with symmetrically
placed maskers, is most likely responsible for SRM in the
front azimuth plane. The main question addressed in this
paper is how does SRM depend on the number of spatially
separated maskers when performance can be assumed to be
primarily the result of binaural processing and not head
shadowing or cues that occur for stimuli that are not on the
azimuthal plane?

Yost (1997), Zurek (1993), Bronkhorst (2000), and
Litovsky (2012) among others have reviewed the literature
on SRM. Yost’s (1997) review mainly covered studies of
discrimination and recognition as opposed to detection. His
review indicated that SRM in recognition and discrimination
tasks was smaller than when listeners were asked to detect
the presence or absence of a target (signal) in a background
of maskers, especially for lateralization/MLD tasks over
headphones. He observed that in almost all of the studies he
reviewed there were only one or two maskers. Yost (1997)
surmised that SRM, for recognition and discrimination,
might be larger if there were more maskers representing a
more complex auditory scene as compared to one or two
maskers because binaural processing might play a larger
role.

Zurek (1993) and Bronkhorst (2000) both also reviewed
a literature on speech intelligibility in multi-talker conditions
that included studies of SRM. Most of the studies in these
reviews also involved one or two maskers. When studies
involved more than two spatially separated masker sources,
some of the masker sources were usually placed asymmetri-
cally about a centrally placed target source. Both reviews
included non-SRM conditions. Bronkhorst (2000) reviewed
studies involving listeners with hearing impairment. Both
Zurek (1993) and Bronkhorst (2000) described models to
account for the data they reviewed. Zurek’s model was a
combination of an Articulation Index (Al, see Zurek, 1993)
calculation and a modification of the EC model (see
Durlach, 1963), while Bronkhorst’s model included separate
terms to account for the contributions of multiple symmetri-
cally or asymmetrically placed maskers. These models
accounted for a lot of the reviewed data and reflected the
trend that SRM decreases as the number of masker sources
increases. The models were also able to account for the fact
that there is less SRM when masker sources are symmetri-
cally located relative to the target source than when masker
sources are asymmetrically located (i.e., when the target-to-
masker ratio differs at the two ears due to head shadow).

Litovsky’s (2012) review included many of the studies
reviewed previously, but added discussion of the role of
informational and energetic masking in SRM (discussed
below), and contained studies of SRM in special subject pop-
ulations (e.g., children and cochlear implant patients). Most
of the studies reviewed by Litovsky involved one or two
maskers and often involved conditions in which masker
sources were asymmetrically placed relative to the target
source. Thus, a great deal of the literature reviewed by Yost
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(1997), Zurek (1993), Bronkhorst (2000), and Litovsky
(2012) involved masker situations in which the target-to-
masker ratio at one ear could be greater than at the other ear
due to “head shadow.” And these reviews covered aspects of
masking (e.g., monaural variables like amplitude modula-
tion) that are not strictly related to binaural processing on its
own. However, these reviews presented several studies docu-
menting the role of binaural processing in SRM for (usually)
two maskers. What is not clear from these reviews is how
SRM that is primarily the result of binaural processing
changes when the number of maskers increases beyond two.
This, again, is the topic of the current paper.

In addition to these SRM studies, Santala and Pulkki
(2011) and Kawashima and Sato (2015) showed that listen-
ers are not able to identify or localize more than about three
to five simultaneously presented, spatially separated sources.
If SRM depends on processes related to identification and/or
localization, then perhaps SRM would be very small, if it
existed at all, when the number of maskers exceeded three or
four. There are very few data and varying arguments regard-
ing the relationship between SRM and the number of
maskers when SRM primarily depends on binaural process-
ing alone. Specifically, there are very few data involving
more than two maskers located symmetrically in the front
azimuth plane.

In this paper, SRM was measured in the front azimuth
plane for three conditions with two, four, or six masker loud-
speakers symmetrically located around the center target
loudspeaker. The task was speech (single word) recognition.
The conditions were condition TsMs in which a speech (s)
word uttered by male talkers masked (M) target (T) speech
words uttered by a female talker, condition TsMn in which
filtered and modulated noise (n) maskers masked target
speech words uttered by a female talker; and condition
TfsMfs in which filtered speech (fs) words uttered by male
talkers masked filtered target speech words uttered by a
female talker.

Bronkhorst and Plomp (1992) conducted a study that
involved two, four, and six maskers; and in a few conditions
these masker sources were placed symmetrically about the
centered target source, similar to conditions examined in the
present paper. However, the rest of the stimulus conditions
were different from those used in the present study.
Bronkhorst and Plomp (1992) found that SRM decreased
slightly as the number of maskers was increased; the same
was found for speech intelligibility in the co-located target
and masker conditions. Kidd et al. (2016) investigated SRM
with two and four maskers when the maskers were spatially
separated symmetrically about the target. The main aim of
this paper was on the role of energetic and informational
masking, but the results did indicate less SRM for four as
compared to two maskers. Other studies (e.g., Freyman
et al., 2004) have used several maskers (up to ten) in studies
of SRM, but when most of the maskers are mixed and pre-
sented from one loudspeaker (i.e., presenting a “babble
masker” from one loudspeaker and, perhaps, a different
“babble masker” from a different loudspeaker). The purpose
of the present paper was to study conditions in which
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individual masking sounds could each be potentially local-
ized at a different location.

As discussed in the Litovsky (2012) review of the
SRM literature, it is often important to consider the type
of masking that might be involved, i.e., mainly informa-
tional masking, mainly energetic masking, or a combination
of informational and energetic masking (see Kidd er al.,
2008; Kidd et al., 2016). In the current study, condition
TsMs involves speech maskers masking speech targets; a
combination of informational and energetic masking since
speech-on-speech masking can represent an estimate of
informational masking based on the similarity of the target
and masker speech stimuli (see Watson, 2005; Kidd et al.,
2008; Kidd et al., 2016). Note that the spectral/temporal
overlap of the target and maskers in condition TsMs can
also produce energetic masking (see Kidd et al., 2008; Kidd
et al., 2016) at points where the two speech stimuli tempo-
rally and/or spectrally overlap.

Condition TsMn involves speech targets accompanied
by noise bursts for maskers that were filtered and modulated
to be similar to masker words. Results for condition TsMn
are assumed to provide an estimate of primarily energetic
masking with little informational masking. This is because
the noise maskers present considerable energetic masking
due to the temporal/spectral overlap with the speech target
while, at the same time, they are not perceived as speech or
speech-like and are therefore not perceptually similar to the
speech target.

Condition TfsMfs involves differentially filtering the
speech targets and maskers as originally suggested by
Arbogast et al. (2002). The filtering operation reduces the
spectral overlap between the speech target and maskers but
retains the intelligibility of the words, and as such should
reduce the amount of energetic masking, yielding more
informational than energetic masking. These assumptions
are clearly subject to testing as will be done.

There is a literature that suggests that SRM is larger
when there is considerable informational masking as com-
pared to when there is primarily energetic masking (see
Freyman et al., 1999; Litovsky, 2012, for a review). Further
exploration of this literature will be described in the
Discussion section in the context of the data obtained in
these experiments. To repeat, the major aim of the experi-
ments of this paper is to determine the extent to which SRM
for informational and/or energetic masking depends on the
number of maskers when binaural processing is likely the
primary process involved.

Il. METHODS
A. Listeners

In each of the three conditions there were 18 listeners
who participated in only one condition each (54 total listen-
ers). In condition TsMs there were 12 females and 6 males
all between 19 and 34 years of age. In condition TsMn there
were 15 females and 3 males all between 19 and 34 years of
age. In condition TfsMfs there were ten females and eight
males all between 19 and 34 years of age. All listeners in all
conditions were American English speakers and reported
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normal hearing. All procedures were approved by the
Arizona State University Institutional Review Board for the
Protection of Human Subjects.

B. Stimuli

In all conditions, sounds were generated via a 24-
channel Digital-to-Analog (DA) converter (two, Echo Gina
12 DAs, Santa Barbara, CA) at a sample rate of 44 100 sam-
ples/s/channel.

In all conditions the target speech word was randomly
chosen from twelve, one-word country names (Belgium,
Britain, Burma, China, Cuba, Japan, Korea, Libya, Mexico,
Norway, Russia, Turkey) spoken by one of six randomly
chosen female speakers. The 72 target words (12 country
names by six female talkers) were not all originally equally
recognizable in a pilot experiment (five listeners) with co-
located target and masker with the broadband noise pre-
sented at 65 dBA and each target word presented at 62 dBA
(—3dB target-to-noise ratio). Most words were recognized
at about a mean of 0.80 accuracy. Words that were recog-
nized at accuracies greater than 0.90 or lower than 0.65 were
regenerated and retested. After several iterations of sampling
words, all 72 target words were recognizable at between a
mean of 0.65 and 0.90 accuracy at the same target-to-noise
ratio and overall stimulus level noted above. Within this
range there was variability in word recognition among the
five pilot listeners, suggesting that some of the differences in
the ability to recognize target words is due to the listeners,
and not just to the word being uttered.

In condition TsMs, maskers were words randomly cho-
sen from the same 12 one-word country names used for the
targets. Maskers were spoken by one of six randomly chosen
male speakers. The same pilot-study procedure described
above for target words was used to finalize the masker words
so that each of the 72 masker words was recognized in
broadband noise between 0.65 and 0.90 proportion correct
masker words. All target and masker speakers were native
users of English. All words were temporally centered in the
middle of 750-ms duration files, and were filtered from 125
to 8000 Hz with a three-pole Butterworth filter implemented
in MATLAB. All words were generated at the same root-
mean-square (rms) level. Whenever multiple maskers were
presented (either co-located with the target at the center
loudspeaker or spatially separated from the target and from
each other), the rms level of each masker word was always
the same and the overall level of the combined maskers was
kept at 65 dBA, measured at the position of the listener’s
head. For each masker combination, three target levels were
obtained so that there was a low target-to-masker ratio in
decibels, determined in pilot work, that yielded proportion of
words correctly recalled near 0.25 (chance is 0.0833 =1/12
possible country names). This target level was the lowest of
three target-to-masker ratios (dB), with the other two more
intense target levels yielding target-to-masker levels that
were 4 and 8 dB greater, so that the target-to-masker ratios
differed by four decibels. Thus, the summed overall level of
the maskers, no matter the combination, was always the
same (65 dBA), and changes in target level provided
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three target-to-masker ratios for estimating three-point psy-
chometric functions. The lowest target-to-masker ratio was
intended to yield approximately 0.25 proportion correct tar-
get word recognition performance, and the highest target
level would not yield proportion correct performance near
1.0 (i.e., the three target-to-masker ratios would be near the
midpoint of the psychometric function where the psychomet-
ric function is linear or nearly so).

In condition TsMn the maskers were filtered and ampli-
tude modulated 750-ms noise bursts (20-ms cosine-squared
rise-fall times). A complete Fast Fourier Transform (FFT)
of each of the 72 masker words was calculated and then
the component amplitudes were normalized with the most
intense component for each word having an amplitude of
1.0. On each trial, 750-ms independent noise bursts were
generated in the frequency domain such that the amplitudes
of each spectral component between 125 and 8000 Hz (same
bandwidth as the words) were approximately Rayleigh dis-
tributed (using the method suggested by Hartmann and
Pumplin, 1988). The starting phases were randomly and uni-
formly distributed from O to 2pi. The amplitude of each
noise spectral component was multiplied by the amplitude
values obtained from the FFT of each word. Then the result-
ing amplitude and phase spectra were inversed Fourier trans-
formed back to the time domain yielding nearly Gaussian
distributed instantaneous amplitudes (see Hartmann and
Pumplin, 1988) spectrally shaped (based on word spectra)
noise bursts. The Hilbert envelope of each word was then
extracted on each trial and multiplied by the appropriate fil-
tered noise burst, yielding a time-domain waveform with
the overall amplitude modulated envelope of the word. The
same procedure described for condition TsMs was used for
condition TsMn to generate equal masker levels and the
three different target-to-masker ratios (dB) for each masker
combination. Informal listening by five listeners indicated
that the filtered/modulated noises were not perceived as
speech or even speech-like. All five listeners indicated that
many noises were perceived as having some subtle temporal
fluctuation and some were judged to be “brighter” than
others. Although these noise bursts were not perceived as
speech, they had the long-term spectral contour and
amplitude-modulated envelope of the words.”

In condition TfsMfs, a filtering process like that sug-
gested by Arbogast et al. (2002) was used. In this condition
the same female target words and male masker words as
were used in condition TsMs were filtered using a two-
equivalent rectangular bandwidth (ERB) wide Gammatone
filter bank (center frequencies from approximately 125 to
8000 Hz).? The target words were filtered with every odd
filter in the filter bank and the masker words with the even
filters with each masker word filtered in the same way.
Figure 1 indicates the outputs of the filter bank for a broad-
band noise, with the filtered noise shown in black being
the consequence of the filtering used for the target words
and the lighter shade of gray the consequence of the filter-
ing used for the masker words. Informal listening sug-
gested that the filtered words were about as intelligible as
the original unfiltered words, although no formal tests of
speech intelligibility ~were conducted. The same
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FIG. 1. The output of the two-ERB wide filter bank used to filter the target
and speech words in condition TfsMfs is shown. A broadband noise was
used. The dark areas represent the output of every odd filter which was used
to filter target words, while the lighter areas are the outcomes for the even
filters used to filter masker words.

procedures as were used in conditions TsMs and TsMn
were used to generate equal masker levels and three appro-
priate target-to-masker ratios (dB) in condition TfsMfs.

C. Listening environment

The same listening room used in Yost et al. (2015) was
used in the present experiments. The room 1is a
10ft x 15ft x 10ft lined on all six surfaces with acoustic
foam. The wideband reverberation time (RT60) is 102 ms
and the ambient noise level is 32 dBA. Twenty-four loud-
speakers [Boston Acoustics 100 x (Peabody, MA)] are on a
5-ft radius circle (i.e., azimuth array with 15° loudspeaker
spacing) at the height of listener’s pinna. There is a control
room from which listeners are monitored by an intercom and
camera. Listeners were instructed to face the center loud-
speaker, which had a red dot on it, at all times. Listeners
were monitored on each trial and rarely failed to face the
center loudspeaker. In these rare cases, the trial was
repeated.

D. Procedure

The target word, spoken by a female, was always pre-
sented from the center loudspeaker in all three conditions.
The masker words, spoken by males, were presented from
the following source locations in the three conditions (see
Fig. 2).

Condition TsMs (see Fig. 2): For two masking sources
(2-m), there were four possible masker source locations with
masker sources placed symmetrically about the center loud-
speaker at +=30°, =45°, =60°, or £90°. For four masking
sources (4-m), two masker source combinations were used
with the masker sources placed symmetrically about the cen-
ter loudspeakers at *=(30° and 60°); or *£(45° and 90°). For
six masking sources (6-m), masker sources were placed at
*(30° and 60° and 90°) relative to the center loudspeaker.

Conditions TsMn and TfsMfs (see Fig. 2): For two
masking sources, only the combination in which the masker
sources were placed at *=90° relative to the center
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FIG. 2. The location of the loudspeakers used for the target (center dark filled circle) and the maskers (off center circles-different filled circles for different
loudspeaker combinations) for the (A) two (2-m on the left), (B) four (4 -m in the middle), and (C) six (6-m on the right) masker cases. No sound was presented

from loudspeakers located at =15° or =75° in any case (unfilled circles).

loudspeaker was tested. For four masking sources, only the
combination in which the masker sources were placed at
*(45° and 90°) relative to the center loudspeaker was tested.
For six masking sources, masker sources were placed at
*(30° and 60° and90°) relative to the center loudspeaker (as
they were for condition TsMs).

For each of the three number of masker sources (two,
four, and six maskers) and for each of the three conditions
(TsMs, TsMn, and TfsMfs), a co-located condition was
tested in which the female target and male masker words
were mixed and all presented from the center loudspeaker.
The same procedure as described for the spatially separated
target-masker source conditions was used to determine equal
masker rms levels and target-to-masker ratios for these co-
located conditions.

The 12 country names were displayed on the response
terminal on each trial and listeners indicated which word
they perceived as being uttered by the female target pre-
sented from the center loudspeaker. No feedback was pro-
vided. On each trial a randomly determined word from a
randomly determined female talker was presented. Masker
words were similarly randomly determined, but all masker
words were different on each trial and no masker word was
the same as a target word on a trial (i.e., all words were dif-
ferent on each trial). Twenty-four trials were used to obtain
each point on each of the three-point psychometric func-
tions (72 trials/psychometric function x 22 psychometric
functions/listener x 18 listeners yields 28512 total trials
per each of the three conditions or 85 536 total trials across
the three conditions). Each of the 72 target words (12 words
by 6 female talkers) occurred once per psychometric func-
tion in random order. Thus, any differences between psy-
chometric functions for any listener could not be attributed
to a different set of target words being sampled for one
psychometric function as compared to another. Since there
was always more than one masker per trial, more than
72 masker words were used for each psychometric function.
The only additional restriction (see above) placed on
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randomly sampling masker words was that all 72 possible
masker words had to be used at least once per psychometric
function.

For each of the three conditions (TsMs, TsMn, and
TfsMfs), listeners started with one set of the 72 target words
in the co-located case at the highest target-to-masker ratio as
a practice session. Then the co-located and spatially sepa-
rated cases were presented in random order (starting with a
case that was not used for practice) for each listener over the
course of that condition. A complete psychometric function
for one target and multiple masker case was obtained (in
three, 24-trial blocks) and then the next case to test was
determined randomly so each case occurred once.

lll. RESULTS

Figure 3 shows the main results as the mean (18 listen-
ers per condition) proportion correct of reported words and
plus/minus one standard deviation as a function of target-
to-masker ratio (dB). The columns in Fig. 3 represent the
three combinations of target and masker sources (two, four,
and six maskers), and the rows represent the three conditions
(TsMs, TsMn, and TfsMfs). The dark solid line and solid
squares in each panel represent the co-located target and
masker cases. The lighter colored lines and non-squared
symbols represent the spatially separated target/masker sour-
ces as indicated in the legend in each panel.

The attempt in a pilot experiment to find target-to-
masker ratios that were the lowest ratio for each situation
that might yield a proportion correct of about 0.25 was fairly
successful. In all cases the entire psychometric function was
within the bounds of 0.15 to perfect performance (1.0),
which was the main aim of the pilot experiment (in 89% of
the cases proportion correct responses were between 0.23
and 0.85).

It appears as if all of the psychometric functions are
nearly linear on the coordinates of proportion correct target
words versus target-to-masker ratio in dB. The slopes of the
psychometric functions also appear to be about the same.
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FIG. 3. Psychometric functions for each of nine cases are shown. Three rows (A, B, C) represent conditions TsMs, TsMn, and TfsMfs from top to bottom.
Three columns (1, 2, 3) represent number of maskers (two, four, and six from left to right). Data are based on mean proportion of correct responses (18 listen-
ers per condition) as a function of target-to-masker ratio in dB. Vertical error bars are = one standard deviation. Dark squares and dark solid lines represent
the co-located cases, while the lighter color, non-squared data represent the spatially separated cases as indicated in the legend of each figure (see Fig. 2).

The average slope across all psychometric functions (when
fit with straight lines) was 0.048 proportion words correct/
dB of target-to-masker ratio with a standard deviation of
0.008 proportion words correct/dB of target-to-masker ratio.
A one-way mixed analysis of variance (ANOVA) was calcu-
lated for the slopes of all of the psychometric functions.
There was no statistically significant difference in slope at a
0.05 level of significance.

For Fig. 4, the data of Fig. 3 were normalized assum-
ing that all of the data could be fit with straight-line
psychometric functions. That is, target-to-masker ratios
(dB) for each data point were multiplied by the slope of
the line that best fit those data to obtain a normalized pro-
portion correct word estimate. The best fitting line to these

0.4
0.2

-0.2
-0.4
-0.6
-0.8

Normalized
Proportion Words Correct

-20 -15 -10 5 0 5
Target-to-Masker Ratio - dB

FIG. 4. Normalized proportion correct responses (see text for explanation)
as a function of target-to-masker ratio in dB for the 22, three-point
psychometric functions (66 data points are plotted) shown in Fig. 3. Best
fitting regression line is shown. It has a slope of 0.0476 proportion
correct/dB which accounts for more than 97% of the variance of the linear
fit to the data.
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normalized data (in Fig. 4) was obtained using linear
regression (slope =0. 0476 proportion correct/dB) and this
best fitting line accounted for over 97% of the variance of
the linear fit. Thus, for the rest of the data analysis, it is
assumed that all of the psychometric functions are linear.
The average slope of these psychometric functions was
0.048 proportion correct/dB, and further data analysis will
be based on the best fitting line to each psychometric
function.

In Fig. 3 SRM is associated with the separation of the
psychometric functions when masker sources are spatially
separated from the target source versus when the target is
co-located with the maskers. Figure 5 displays SRM in
terms of target-to-masker ratio (dB) required for a proportion
of correct target words reported of 0.5417 (half way between
chance performance of 0.0833 proportion correct and perfect
performance of 1.0). The determination of the target-to-
masker ratio (in dB) was made on the basis of the best fitting
linear psychometric function for each condition. SRM,
shown in Fig. 6 is measured as the difference in proportion
of correct words for spatially separated target-masker source
cases versus co-located cases. For Fig. 6, the proportion
of correct words was calculated from the intercepts of the
best fitting linear psychometric functions (since all psycho-
metric functions had statistically the same slope) for each
condition (see above). In general, SRM, measured either in
terms of target-to-masker ratio (Fig. 5) or proportion correct
words (Fig. 6), decreases as the number of masker sources
increases from two, to four, to six. SRM is largest for condi-
tion TsMs, next largest for condition TfsMfs, and usually
smallest for condition TsMn. In condition TsMs, the amount
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of spatial separation of the masker loudspeakers from the tar-
get loudspeaker appears to have a small effect on SRM as
measured in the two, but not for the four masker cases.

Figure 7 shows individual data for one listener for the
two-masker configuration in condition TsMs in the co-
located (dark symbols) and the 90° spatially separated con-
figuration (gray symbols). The lines are the best fitting lines
(over 97% of the variance accounted for in each case) to the
data (slope of 0.046/dB for the co-located data and 0.049/dB
for the 90° separation data). These individual data are illus-
trative of the data obtained for all listeners across all experi-
mental cases.

The data of Fig. 5 (SRM in terms of target-to-masker
ratio in dB) were analyzed with ANOVA statistics and sub-
sequent post hoc t-tests. For each condition (TsMs, TsMn,
and TfsMfs) a repeated measures ANOVA was performed
with number of maskers and spatial separation as the two
main variables for condition TsMs and just the number of
maskers for conditions TsMn and TfsMfs. In all tests the sig-
nificance criterion was 0.05. For condition TsMs both main
effects (number of maskers and spatial separation) were sta-
tistically significant. There was also a statistically significant
interaction between number of maskers and spatial separa-
tion. Post hoc t-tests indicated that only the 30° separation
condition differed significantly from the other spatial separa-
tion cases when there were two maskers. The two different
spatial separation conditions for the four masker cases in
condition TsMs were not statistically significantly different.
For conditions TsMn and TfsMfs there was a statistically
significant difference due to the number of maskers. A pair-
wise, post hoc t-tests for condition TsMn indicated that there
were statistically significant differences among all three
number of masker cases. For condition TfsMfs all pair-wise,
post hoc t-tests yielded statistically significant differences
based on number of maskers.

To obtain a statistical estimate of the difference due to
condition, mean SRM as measured for target-to-masker ratio
(dB) was computed for each of the three conditions (TsMs,
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FIG. 7. One listener’s data (which are similar to all other listeners’ data) for
condition TsMs in the co-located case (2-m, Co: dark symbols) and the 90°
spatial separation case (2-m, 90°: gray symbols), in which proportion of cor-
rect words is plotted as a function of target-to-masker ratio in dB (54 data
points per function). The best fitting regression lines are plotted for each
case (Slope Co=0.046 proportion correct/dB, and Slope 90° =0.049 pro-
portion correct/dB).
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TsMn, TfsMfs) and those three means were analyzed by a
between groups ANOVA. There was a statistical main effect
(0.05 level of significance) based on the three conditions,
and subsequent pair-wise, post hoc t-tests indicated that there
were statistically significant differences among all condition
comparisons.

Table I indicates the proportion of target word errors
that were masker words (i.e., the proportion of errors when
the target words were mistaken as masker words) for two
conditions (TsMs and TfsMfs) and the three combination of
number of maskers. Proportions were calculated across all
masker/target cases including different masker source loca-
tions and the co-located cases. Collection of these data was
only appropriate for conditions TsMs and TfsMfs in which
the maskers were words. The proportion of the target words
errors that were mistaken as masker words decreased as the
number of maskers increased and were slightly lower for
condition TfsMfs than for condition TsMs.

IV. DISCUSSION

The major finding of this study is that SRM, indepen-
dent of the type of masking (energetic and/or informational
as determined by the three different conditions), decreases as
the number of spatially separated masker sources increases
from two to six. It appears as if there is almost no SRM for
six masker sources. Put another way, when SRM is primarily
the result of binaural processing alone it appears to be lim-
ited to a simple auditory scene with five or fewer sound sour-
ces. The amount of SRM obtained in this study is within the
range of that found in other studies in which symmetrically
placed masker sources were used, although there are very
few studies involving more than four symmetrically placed
masker sources (e.g., for two maskers, the comparisons are
to Bronkhorst and Plomp, 1992; Srinivasan et al., 2016;
Kidd et al., 2016; and four and six maskers comparisons to
Bronkhorst and Plomp, 1992; Kidd et al., 2016). The find-
ings in the present paper were obtained for word recognition
when maskers were male speakers at sources located in the
front azimuth plane and placed symmetrically around a cen-
tered female target speaker. It is not certain if similar results
would be obtained for other measures of performance (e.g.,
detection), other stimuli (e.g., sentences or if the masker and
target sounds were from talkers of the same gender), or other
masker source arrangements (e.g., maskers located asym-
metrically about the target, behind the listener, or at different
elevations or distances). It should also be recognized that the
experiment took place in a reflection-reduced room and, as
such, the role of reflections/reverberation was reduced. The
literature suggests that speech intelligibility is dependent on
reverberation (e.g., see Bronkhorst, 2000) as is SRM (e.g.,

TABLE I. Proportion of reported target word errors that were masker words
as a function of the number of maskers (2-m, 4-m, and 6-m) and condition
(TsMs and TfsMfs).

2-m 4-m 6-m

TsMs 0.82 0.54 0.18
TfsMfs 0.77 0.49 0.12
William A. Yost



see Kidd et al., 2008), so it is uncertain as to what the out-
comes of these experiments might have been if testing had
been done in a space with a different amount of
reverberation.

The assumption put forth in Sec. I was that, with sym-
metrically placed maskers in the front azimuth field, SRM
would be based on binaural processing. This binaural proc-
essing could be due to either sound source localization of the
target and masker sources and/or binaural analysis of audi-
tory spatial cues associated with the spatially distributed tar-
get and maskers sources. It is hard to image that some other
auditory process, besides binaural processing, played a major
role in the SRM measured in this paper. The answer to the
question as to what type of binaural processing (sound
source localization and/or binaural analysis) was used is not
as clear. In answering this question one would probably have
to consider the type of masking that was involved (energetic
and/or informational masking).

In Sec. I, a distinction was made between informational
masking (condition TfsMfs), energetic masking (condition
TsMn), and combined informational and energetic masking
(condition TsMs). Several analyses were performed to inves-
tigate these assumptions about informational and energetic
masking for the conditions of this paper. In Fig. 8 on the top
row, the co-located (Co) data are compared as a function of
the number of maskers (two maskers: Co-2, four maskers:
Co-4, and six maskers: Co-6) for each of the three conditions
(condition TsMs left, condition TsMn middle, and condition
TfsMfs right of Fig. 8). Recall that the rms level of the total
masking energy arriving at the position of the listener’s head
is the same for all of the data in Fig. 8. Thus, any changes in
performance with an increased number of maskers is not due
to the level of the overall masker stimulus changing.

For Fig. 8 in the top row considering condition TsMs
there is a clear increase in target level required for word

recognition as the number of maskers increases. This is most
likely due to the difficulty in attending to a target word in
the background of an ever increasing number of competing
words (masker words). This explanation would be consistent
with the concepts of informational masking (see Brungart,
2001; Ihlefeld and Shinn-Cunningham, 2008; Kidd er al.,
2008; Kidd et al., 2016). Bronkhorst’s (2000) review and
Bronkhorst and Plomp (1992) report a similar decrease in
speech intelligibility as the number of maskers in co-located
cases increases.

For condition TsMn in the co-located case (Fig. 8, top
row), if energetic masking were determined entirely by the
rms level of the masker, then there should be no differences
in the psychometric functions as the number of maskers
increases. This appears to be true in comparing the four ver-
sus six masker case, but not in comparing the four or six
masker to the two masker case. The difference in perfor-
mance between the two masker cases and the four (or six)
masker cases might be due to stimulus (energetic masking)
variables other than overall rms masker level. These stimulus
variables might allow for a form of “better-ear listening” if a
word from one masker did not mask the target word as much
as the word from a different masker. Because the target
word would only be affective by one masker, that masker
would be asymmetrically located allowing for a form of
“better ear listening.” That is, the spectral and/or temporal
(e.g., envelope, and the use of “glimpsing,” e.g., see
Brungart and Iyer, 2012) differences (that existed in condi-
tion TsMn) when there are two as compared to four noise
maskers might make it easier to recognize target words in
the two masker cases when the spectral/temporal differences
between the target and masker words are likely to be larger
than for the four masker cases. That is, as the number of
maskers that are added together increases, the spectral and
modulation patterns due to any one masker will become
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FIG. 8. Top Row (A1-A3): Psychometric functions for the co-located cases for each of the three conditions [condition TsMs left (A1), condition TsMn middle
(A2), and condition TfsMfs right (A3)], and for each number of maskers (Co-2, Co-4, and Co-6). Error bars are * one standard deviation (see Fig. 3). Bottom
Row (B1-B3): Psychometric functions for the co-located cases for each number of maskers (Co-2 left (B1), Co-4 middle (B2), Co-6 right (B3)), and for each
of the three conditions (condition TsMs, condition TsMn, and condition TfsMfs). Error bars are = one standard deviation (see Fig. 3).
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reduced due to the addition of the other maskers. Thus, the
data in condition TsMn seem somewhat consistent with an
argument that masking is largely energetic in condition
TsMn. However, there may be a very small effect due to
spectral/temporal differences between the maskers and the
target when comparing two versus four maskers, but proba-
bly not in comparing four versus six maskers.

There is a separation among the co-located psychomet-
ric functions in Fig. 8 for condition TfsMfs similar to that
measured for condition TsMs, and there is less SRM for con-
dition TfsMfs than for condition TsMs. These results appear
to be consistent with the argument posed above for condition
TsMs regarding decreased speech intelligibility as the num-
ber of maskers increases. So condition TfsMfs might indeed
represent mostly informational masking, since there was
reduced energetic overlap of the maskers and targets due to
the differential filtering in condition TfsMfs.

The bottom row of Fig. 8 reinforces the interactions
shown in the top row of Fig. 8. In the bottom row of Fig. 8 the
data are replotted for the co-located cases for each number of
maskers (two maskers left, four maskers middle, and six
maskers right) as the proportion of correct words as a function
of target-to-masker ratio (dB) for each of the three conditions
(TsMs, TsMn, and TfsMfs). In all cases, condition TsMs indi-
cates poorest performance, with condition TfsMfs indicating
similar, but slightly better, performance than condition TsMs,
and condition TsMn indicates best performance.

Another type of comparison regarding energetic and
informational masking is provided in Fig. 9. In Fig. 9 the
amount of co-located masking was determined in terms of
the target-to-masker ratio (dB) required for 0.5417 propor-
tion words correct obtained from the best fitting linear psy-
chometric functions (“Threshold Masking”). Figure 9 shows
“Threshold Masking” for the sum of conditions TsMn plus
TfsMfs (back bar) as compared to that obtained in condition
TsMs (white bar) for two, four, and six maskers. The fact
that summed “Threshold Masking” for conditions TsMn plus
TfsMfs is close to that obtained for condition TsMs is con-
sistent with the assumption that masking in condition TsMs
is energetic masking (condition TsMn) plus informational
masking (condition TfsMfs, see Arbogast et al., 2002, for
other issues involved with a similar analysis).
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-3 OTsMs

"Threshold Masking " - dB

0 L} -=
2-m 4-m 6-m
Number of Maskers

FIG. 9. “Threshold Masking” in dB (see text) as a function of the number of
maskers (2-m, 4-m, and 6-m) for the sum of conditions TsMn and TfsMfs
(black bar) compared to condition TsMs (white bar). Data are for the co-
located cases.
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The data of Table I also seem consistent with an
assumption that as the number of masker words increases it
is more and more difficult to identify a masker word in the
mixture of several different words presented simultaneously
(as reported by Kawashima and Sato, 2015). As a conse-
quence, a missed target word is less and less likely to be
reported as a masker word as the number of maskers
increases. It is not clear as to why the proportions reported in
Table I are lower for condition TfsMfs than for condition
TsMs, except to note that there were different listeners for
the two conditions, and there might have been some slight
lowering of target word intelligibility in condition TfsMfs
due to the filtering as compared to condition TsMs. Others
have reported that it is often the case that a high proportion
of missed target words are those of the masker (e.g., see
Brungart, 2001; Kidd et al., 2008). Only one or two maskers
have been used in these studies as compared to the four and
six masker cases of the present study.

In regard to SRM, an analysis like that performed
for Fig. 9 is displayed in Fig. 10 in order to deal with
issues of how SRM changes due to the type of masking
(energetic and/or informational). Figure 10 shows SRM in
terms of target-to-masker ratio (dB) as a function of the
number of maskers (see Fig. 5). The amount of SRM in con-
dition TsMn (energetic masking, black section) plus that for
condition TfsMfs (informational masking, gray section) is
compared to SRM for condition TsMs (energetic and infor-
mational masking, white bar). Only the *90° separation
cases for two maskers and the *(45° and 90°) cases for four
maskers were used for condition TsMs in Fig. 10. SRM was
computed for condition TsMn and TfsMfs. Figure 10 indi-
cates that SRM for condition TsMs in which presumably
both energetic and informational masking exist is about
equal to the sum of SRM for condition TsMn (mainly ener-
getic masking) plus condition TfsMfs (mainly informational
masking). We have no theoretical point to make about these
relationships, but point out that the amount of SRM summed
as indicated in Fig. 10. While the analyses in Figs. 8-10 do
not unequivocally establish the assumptions that were made
about informational and energetic masking and their combi-
nation, they are largely consistent with these assumptions.

O TsMs
W TfsMfs

| TsMn

SRM: Target-to-Masker ratio - dB
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FIG. 10. SRM in dB as a function of the number of maskers (2-m, 4-m, and
6-m) for the sum of conditions TsMn (gray bar) and TfsMfs (black bar)
compared to condition TsMs (white bar).
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As described in Sec. I, Bronkhorst and Plomp (1992)
investigated SRM when there were as many as six maskers
and in one condition the six maskers were symmetrically
spaced. Their data suggest that the amount of SRM
decreased as the number of maskers increased to six, but
they measured more SRM for their six-masker case than was
measured in the current paper. There are many differences
between the Bronkhorst and Plomp (1992) study and the cur-
rent one. For instance, in the Bronkhorst and Plomp (1992)
study, two of the six maskers were behind the listener, target
sentences were used, the spatial conditions were simulated
over headphones using artificial head recordings, and only
noise masker conditions were used (the noises were filtered
and modulated based on speech but in a different way than
the noises used in the present study). It is not clear which
variables may be important to explain differences between
the results of the present study and those of Bronkhorst and
Plomp (1992).

The data from the experiments of this paper suggest that
the slope of the psychometric function relating proportion
of correct words to target-to-masker ratio in dB is about
the same for all three conditions. That is, the slope of the
psychometric function does not vary depending on the type
of masking (e.g., energetic, informational, or both). While
the average slope of 0.048 proportion correct/dB is within
the range of those obtained in other studies (see review in
Arbogast et al., 2002), many other studies demonstrated a
difference in psychometric function slopes among energetic,
informational, and both forms of masking (again reviewed in
Arbogast et al., 2002). It is not clear why the data of the pre-
sent study suggest no difference in slope as a function of the
type of masking. Possible reasons for the discrepancy in the
data across studies might be the differences in stimuli (e.g.,
words in the present study versus sentences in most other
studies) or the fact that in the present study multiple, sym-
metrically placed maskers were used as opposed to usually
single maskers in the other studies. It might also be the case
that estimating the slope of the psychometric function with
only three points (especially points near the middle of the
psychometric function), as was done in the present study,
does not allow for a refined enough measure of slope to
determine slope differences. In any case, a possible short
coming of this paper in regard to dealing with issues of infor-
mational and energetic masking is the limited number of
points (three) used to estimate psychometric functions. The
main goal of this paper was to better understand how the
number of symmetrically spaced maskers affects SRM.
Given that the psychometric functions appear to do a reason-
able job of approximating performance near the midpoint of
the psychometric functions, the measures of performance as
a function of the number of maskers appear to be valid.

There is a literature that argues that speech-on-speech
masking such as measured in the TsMs condition can be
largely due to informational masking rather than energetic
masking (e.g., Brungart, 2001; Brungart et al., 2001; Ihelfeld
and Shinn-Cunningham, 2008; Kidd et al., 2016). The data
support this claim when the maskers and target sounds are
spoken by the same person or persons of the same gender.
The evidence exists for sentences and when the maskers and
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targets or collocated. The implication that there is a great
deal of informational masking in speech-on-speech masking
is often based on the psychometric functions obtained in
these studies. As a consequence it might be that in some
cases listeners use something like ‘“glimpsing” (e.g., see
Brungart, 2001) to pay attention to the softer target in order
to determine the talker words. The present study used single
words when the masker and talker words were uttered by dif-
ferent gender talkers, and measurements were made when
the maskers were spatially separated from the target. Using
different gender talkers and spatial separation are very likely
to reduce the amount of informational masking compared to
co-located target and masker conditions when the talkers and
masker words were spoken by the same person or persons of
the same gender. As previously mentioned, using 750-ms
words rather than sentences should significantly reduce the
role of “glimpsing” in processing target words in the pres-
ence of masker words. Finally, using only three-point psy-
chometric functions reduces the chance of finding the
differences in the psychometric functions reported in the
literature mentioned above. Thus, it is probably the case
that the role of informational masking is less in the TsMs
conditions of this study than in the other studies. It is also
probable (as argued above) that “glimpsing” plays only a
small role in only in the two-masker conditions of this study.
That is, many of the issues discussed in the literature (e.g.,
Brungart, 2001; Brungart et al., 2001; Ihelfeld and Shinn-
Cunningham, 2008; Kidd et al., 2016) may play only a small
role in the present study, if they play any role at all.

The data displayed in Fig. 10 are consistent with the
findings from other studies indicating that there is more
SRM when there is both informational and energetic mask-
ing than when there is just energetic masking (e.g., see
Brungart et al., 2001). The data of Fig. 10 (as well as those
in Figs. 5 and 6) also suggest that SRM is somewhat larger
for conditions that are primarily informational masking (i.e.,
condition TfsMfs) compared to when there is primarily ener-
getic masking (i.e., condition TsMn). Arbogast et al. (2002)
found a similar effect, but in their study only one masker
was used, which means that both binaural processing and the
effects of head shadow probably influenced their results,
whereas in the present study probably only binaural process-
ing was probably used. The difference in SRM between
informational and energetic masking conditions was larger
in the Arbogast et al. (2002) study as compared to that mea-
sured in the present experiment, consistent with the finding
that asymmetrical masker placement yields larger amounts
of SRM than symmetrical placement, most likely due to
head shadow effects (e.g., see Bronkhorst and Plomp, 1992;
and the review by Bronkhorst, 2000).

There is a literature that suggests that SRM, when there
is informational masking (e.g., conditions TsMs and
TfsMfs), is based (entirely or partially) on selective attention
(Freyman et al., 1999; Shinn-Cunningham, 2008) in which
listeners attend to the target and/or disregard the maskers in
order to deal with the similarity of the speech sounds from
the two sources. The ability of the listener to locate the target
source at a different location than the masker source facili-
tates such a selective attention strategy (e.g., see Arbogast
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et al., 2002; Kidd et al., 2008; Kidd et al., 2016). Binaural
analysis processes (e.g., an EC process) that enhance target
representations relative to masker representations (e.g.,
Freyman et al., 1999) may reduce energetic interference
among masker and target sounds in SRM conditions (i.e., as
in conditions TsMs and TsMn). Such binaural analysis
occurs because spatial separation of target and masker sour-
ces differentially changes the interaural differences associ-
ated with each source. That is, binaural analysis contributes
to SRM when there is energetic masking, and sound source
localization contributes to selective attention allowing for
SRM when there is informational masking.

To the degree that sound source localization plays a role
in SRM, it is the ability to locate the various target and
masker sources that are producing sound all at the same time
that is important (i.e., in SRM studies at least two sources,
target and masker, produce simultaneous sound). Very little
is known about sound source localization of multiple sound
sources producing simultaneous sound (see Yost and Brown,
2013, for a review). Listeners can locate two sources produc-
ing simultaneous sound but not as well as one sound source
(Yost and Brown, 2013). Recently, Santala and Pulkki
(2011) and Kawashima and Sato (2015) studied sound
source identification and localization when multiple speech,
noise, and/or tonal sound sources (two or more) were used.
These studies showed that listeners’ ability to identify and
localize spatially separated speech words decreased with
increasing number of sources and was at chance perfor-
mance when there were more than four or five spatially sepa-
rated sources producing words. Thus, it appears as if part of
the reason for a decrease in SRM with increasing number of
masking sound sources is due to an inability to accurately
localize the sources of more than five or so simultaneously
presented speech sounds. These result suggest that the audi-
tory scene is small. While a model of attention that can pre-
dict SRM in conditions of informational masking has not
been developed (but see Lutfi et al., 2013), the data of this
paper suggest that such a model would need to link sound
source localization accuracy to the prediction of SRM, espe-
cially when the number of sound sources is two or more.

Several models of SRM have been proposed and tested.
Since the present study was done in a sound field, only mod-
els of such conditions will be discussed. That is, a review of
models of lateralization and the MLD when stimuli are pre-
sented over headphones will not be discussed (see Durlach
and Colburn, 1978). Zurek (1993), Bronkhorst (2000), Jones
and Litovsky (2011), and Cosentino et al. (2014) have all
proposed SRM models. The models are of two types:
descriptive (e.g., Bronkhorst, 2000; Jones and Litovsky,
2011) and process-based (Zurek, 1993; Cosentino et al.,
2014). The process-based models have used many aspects of
Durlach’s (1963) Equalization-Cancellation (EC) model and
other proposed neural processing schemes (e.g., Costention
et al., 2014). Zurek (1993) also included aspects of
Articulation Index calculations along with the EC model.
Applying the EC model or the other aspects of the process-
based models requires calculations based on the actual stim-
uli presented to listeners. Recording the actual stimuli at the
ears of the listeners was not done in the present experiment,
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so these process-based models cannot be thoroughly tested
for the conditions of this paper.

The Bronkhorst (2000) model contains two main
descriptive terms: one for conditions when maskers are
asymmetrically placed (i.e., effects of head shadow can
occur) and one term when the maskers are symmetrically
placed (i.e., binaural hearing is required for SRM). The
Jones and Litovsky (2011) model includes similar descrip-
tive terms but also has terms to deal with maskers that are
not in the frontal azimuthal plane and terms for when
maskers are both spatially separated from the target and co-
located with the target. Both modeling attempts have con-
stants that differ depending on several factors like the type
of stimuli that are used (speech, noise, modulated noise,
etc.). Neither the Bronkhorst (2000) nor the Jones and
Litovsky (2011) model could account for the data of the pre-
sent paper without having to arbitrarily change the values
of the constants when either the condition changed or the
number of masker sources changed. In general the models
predicted more SRM than was obtained in the present
experiments. Thus, in order for a descriptive model like
those of Bronkhorst (2000) or Jones and Litovsky (2011) to
better account for the data of the present paper both a func-
tion relating masking effects to increasing number of masker
sources and masking effects related to increasing spatial sep-
aration of masker sources from the target source would have
to be more compressive than either the predictions of the
current Bronkhorst (2000) or Jones and Litovsky (2011)
models. And, such a new model would be more useful than
the existing ones if there were a way to account for differ-
ences in SRM due to informational and energetic masking.
The current models can account for these differences only
by changing the value of an arbitrary multiplicative constant.
Developing a new descriptive model was not the intent of
this mainly empirical paper.

Yost and Brown (2013) suggested a scheme that might
be the basis of a process-like model for SRM. Their scheme
was similar to other suggestions in the literature (e.g.,
Woodruff and Wang, 2010; Liu er al., 2000). Yost and
Brown (2013) surmised that localizing very similar sounds
(i.e., independent noises) presented simultaneously from just
two sources would be very difficult since the sound from the
two sources would be mixed before they arrived at listeners’
ears. They proposed a scheme in which the combined wave-
form was divided in a spectral/temporal matrix, where each
cell in the matrix represented a brief slice of time and a nar-
row region of the spectrum. They used amplitude modulated
noise bursts to show the many cells in a spectral/temporal
matrix contained ITDs or ILDs that were similar to those
existing in the spectral/temporal matrix representing the
sound from only one source or the other. The ILDs and/or
ITDs computed for many cells in the combined matrix were
not similar to those of either source presenting sound in iso-
lation. However, there were a lot of cells in the combined
matrix that did represent the ITDs and/or ILDs of one source
or the other. Yost and Brown (2013) suggested that these
cells might be sufficient to allow for the localization of the
sound sources, but if so, localization performance would be
poor, as they showed. Yost and Brown (2013) explained

William A. Yost



why additional information would be required to turn their
scheme into a full-fledged model of multiple sound source
localization.

In the Yost and Brown (2013) experiment, one of the
two sounds could have been a target and the other sound a
masker, and target detection/recognition in the presence of
the spatially separated masker sources could have been eval-
uated. If so, the scheme they proposed could be used to
imagine how the target and masker might be binaurally proc-
essed so that listeners could use the ITDs and/or ILDs (or
some other binaural process, e.g., interaural coherence, see
Faller and Merimaa, 2004; Dietz et al., 2011) to localize
each and improve the detection/recognition of the target.
The data from Yost and Brown (2013) suggested that the
temporal width of a cell in the spectral/temporal matrix
could be as small as 2-5ms and the spectral dimension on
the order of an ERB. These cell dimensions could produce a
large proportion of cells containing “reliable” estimates of
the target and masker ITDs and/or ILDs as the basis for
localizing each source (see Yost and Brown, 2013).
However, as the number of sources increases the proportion
of such “reliable” cells would decrease for fixed duration
sounds. It would be essentially impossible for a scheme like
that proposed by Yost and Brown (2013) and others (e.g.,
see Woodruff and Wang, 2010; Liu et al., 2000) to produce
a sufficient number of “reliable” cells for any more than
three-four sources, assuming sounds of about a second in
duration. Thus, it is likely that a model of SRM based on this
or similar schemes would not be able to spatially segregate
the location of more than three to four sources producing
simultaneous sound. As discussed previously, this qualita-
tively agrees with the findings of this present study and those
of Yost and Brown (2013), Santala and Pulkki (2011), and
Kawashima and Sato (2015).

To the extent that SRM indicates an ability to effec-
tively process sounds when competing sounds are spatially
separated, the present data in concert with other data suggest
that spatial separation may be useful only when there are
five or fewer sound sources. This may not be a serious limi-
tation of the use of SRM in the everyday world. First, it may
be that we rarely deal with acoustic environments where
there is a need to process five or more sources producing
simultaneous sounds. Perhaps, most everyday listening sce-
narios involve attempts to process only a few sound sources.
Second, the results of this study were limited to conditions
in which the masker sources were symmetrically spaced.
While such a spatial arrangement of sound sources can occur
in the everyday world, such arrangements in which compet-
ing sound sources are only symmetrically spaced are proba-
bly rare. It is more likely that some competing sound sources
would be asymmetrically spaced which would likely involve
a role for head shadow effects. Thus, to more fully appreci-
ate the influence of multiple sound sources on SRM in the
everyday world, data like those collected in this study should
probably be obtained with maskers that are both symmetri-
cally and asymmetrically spaced relative to the target (e.g.,
similar to Bronkhorst and Plomp, 2000). Because the goal of
this study was to better understand the role of binaural
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processing in SRM when there were multiple maskers, only
symmetrically spaced maskers were used.

V. SUMMARY

When only binaural mechanisms are most likely used in
processing target speech in the presence of either spatially
separated speech or noise masker sources, spatial release
from masking (SRM) decreases as the number of symmetri-
cally spaced masker sources increases from two to six. There
appears to be almost no SRM for six maskers. The results
suggest that SRM decreases in a similar manner as the
number of masker sources increases if masking is mainly
energetic, informational, or a combination of energetic and
informational masking. For the conditions of this study,
speech-on-speech masking appears to be the sum of ener-
getic masking (noise masker) and informational masking
(target and masker spectrally non-overlapping). The results
of the study appear to be consistent with other data and
modeling attempts in the literature concerning sound source
identification and localization of multiple spatially separated
sound sources indicating that the spatial auditory scene prob-
ably contains fewer than five simultaneous sound sources.
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